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a  b  s  t  r  a  c  t
The  impact  of  foaming  on cell  growth  and  surfactin  production  by  Bacillus  subtilis  during  a foam  recovery
process  has  been  evaluated  for  the  ﬁrst  time. First,  a small-scale  batch  foaming  approach  was  employed
to  assess  whether  fermentation  performance  is  affected  when  B. subtilis  cells  are  subjected  to  foam-
ing.  Results  showed  that foaming  stimulated  surfactin  production,  resulting  in  1.13-fold  higher  surfactin
producing  abilities  (17  mg/g  h)  and  higher  biomass  yields  (∼0.27 g/g)  in  comparison  to fermentation
performances  achieved  by  using  cells  not  subjected  to foaming.  The  synergistic  combination  of  glucose-
limited  conditions  and  foaming  additionally  triggered  the  surfactin  yields  on glucose  (0.1  g/g)  and  titers
(0.41  g/L),  attaining  a volumetric  surfactin  productivity  of  17  mg/L  h  under  batch  cultivation.  Second,  con-
tinuous  foam  fractionation  experiments  enabled  controlled  segregation  of  cells  by foaming.  This revealedermentation
ownstream processing
ntegrated processing
that  foamed  cells  displayed  2-fold  higher  speciﬁc  surfactin  production  rates  (16 mg/g  h)  than  non-foamed
cells  (8  mg/g  h). Furthermore,  cell  growth,  surfactin  titers, and  volumetric  productivities  were  further
enhanced  by  re-using  spent  B.  subtilis  cells  from  the  column  overﬂow.  The  present  study  demonstrated
for  the  ﬁrst  time  the  concept  of  using  foam  fractionation  for improving  cellular  growth  while  triggering
surfactin  production  by  recycling  the  spent  B.  subtilis  cells  resulted  from  a foam  recovery  process.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Over the last decade, in situ product removal (ISPR) systems,
hich combine together the cultivation process with the product
eparation/puriﬁcation stages, have emerged as effective bio-
rocessing approaches to overcome limitations associated with
icrobial metabolite production [1]. Higher product enrichment,
lleviated product inhibition, streamlined process intensiﬁcation
s well as improved productivity constitute key features of ISPR sys-
ems [1]. Such advantages have indeed converted ISPR approaches
nto effective intensiﬁcation platforms for enhancing microbial
iosurfactant production due to their higher process yields and
ecoveries [2,3], opening up the path for producing highly surface-
ctive compounds via submerged cultivation [4].
Surfactin is considered to be one of the most effective bio-
urfactants in terms of surface activity, solubilizing and wetting
roperties, attracting therefore great industrial interest due to its
otential commercial applications [5]. However, the low titers and
∗ Corresponding author.
E-mail address: P.Martin@manchester.ac.uk (P.J. Martin).
ttp://dx.doi.org/10.1016/j.bej.2016.02.006
369-703X/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
poor performance attained in conventional submerged cultivations
have constrained their large-scale implementation. Efﬁcient single-
step downstream approaches such as membrane ﬁltration [6–8],
ﬂocculation [9], and solvent extraction [10] have been developed
for surfactin recovery from the fermentation broth. However, pro-
cess intensiﬁcation systems with simultaneous fermentation and
recovery stages offer not only the advantage of maximizing sur-
factin production, but also reducing downstream separation steps
[11,12].
Integrated foam fractionation systems constitute cost-efﬁcient
and straightforward approaches to recover surfactin in a contin-
uous mode [11,13]. Thus, foam recovery systems have employed
uncontrolled foam generation as a carryover mechanism in pro-
cess engineering conﬁgurations based on inserting an external
foam trap [2,14,15] or attaching a foam column to the bioreac-
tor headplate [10,16,17]. Nevertheless, such engineering designs
present limited scalable potential since their success relies on the
generation of uncontrolled overﬂowing conditions that lead to
major undesired technical drawbacks like blocking of exit ﬁlters
in the bioreactor. To overcome such limitations, a second gener-
ation of integrated foam fractionation processes have connected
the cultivation vessel to the foam fractionation column via a
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ecirculation loop [3], enabling a robust foaming control whilst
ffering an independent in situ foam based separation process from
he fermentation parameters.
There is a lack of understanding how cells which have passed
hrough the foam fractionation process are affected. In particular,
here are few if any reports of whether cell concentration may  be
nriched or depleted by the foaming, whether foaming may  sepa-
ate cells based on some cell properties, whether cells are damaged
r how cells behave upon being recycled into the production stage.
The present study aimed therefore to study the impact of foam
ecovery systems on the separation and surfactin producing ability
f Bacillus subtilis cells. Firstly, small-scale batch foaming experi-
ents were employed which enabled foaming of cells cultured over
 wide range of conditions. The cells were then recycled to assess
he inﬂuence of foaming on the subsequent fermentation perfor-
ance. The foamed cultures were varied by age, initial cell density
nd initial glucose concentration in order to assess the sensitiv-
ty of cells to foaming over the most common range of conditions.
econdly, continuous stripping mode foam fractionation experi-
ents were employed to investigate the applied process and which
nabled the segregation, and subsequent recycling, of the resulting
ells located in the liquid pool, overﬂow and foamate compart-
ents (Fig. 1).
. Material and methods
.1. Microorganism
B. subtilis BBK006, which was kindly provided by Dr Baker (for-
erly of Oxford Brookes University, UK), was maintained frozen
in 40% [v/v] glycerol at −80 ◦C). This strain was previously claimed
o be unique compared to other microorganisms in that it only
roduced surfactin as unique lipopeptide [18]. The strain was  sub-
equently subcultured on Nutrient Broth (NB, containing 4.3 g/L
eat peptone, 4.3 g/L casein peptone, and 6.4 g/L NaCl) agar plates,
ncubated for 48 h at 30 ◦C, and then preserved at 4 ◦C.
.2. Culture conditions
A loopful of B. subtilis from a fresh NB agar plate was  used
o inoculate a 500 mL  Erlenmeyer ﬂask containing 100 mL  of
9 medium (Fluka, containing 6.7 g/L Na2HPO4, 3 g/L KH2PO4,
 g/L NH4Cl, 0.5 g/L NaCl, 0.12 g/L MgSO4, 0.001 g/L CaCl2, and
 mL/L of trace elements). The trace element solution con-
ained the following composition: 52 g/L Na2EDTA, 2.2 g/L ZnSO4,
.44 g/L CaCl2·2H2O, 4.9 g/L MnCl2·4H2O, 5 g/L FeSO4·7H2O, 0.35 g/L
NH4)2Fe(SO4)2·6H2O, 0.8 g/L CuSO4·5H2O, and 1.6 g/L CaCl2.6H2O.
he ﬂask was incubated on an orbital shaker (Innova 42, New
runswick Sci., NJ, USA) at 200 rpm and 30 ◦C. Actively growing cells
rom this culture harvested at different times were subsequently
ubmitted to foaming processes as reported below.
.3. Small-scale batch foaming approach
To submit the B. subtilis cells to a foaming process, 45 mL  of
he culture broth was sparged for 15 min  under aseptic conditions
n a vessel equipped with a metallic sparger. Sterile air was sup-
lied with an air pump (Interpet, model Aqua AP3, UK) via an in
ine 0.2 m ﬁlter. An air ﬂow rate of 0.5 L/min was controlled via
 rotameter with an air entry at the top of the foaming vessel.
he carryover foam generated in the foaming vessel was  collected
ia an aseptically attached foam trap ﬁtted with an exhaust vent.
ig. 2A shows the foaming set-up including the foaming vessel and
oam trap employed for sparging the cells and collecting the foam,
espectively. In many cases, all of the broth was carried over to
he foam trap so systematic segregation of cells into retained andering Journal 110 (2016) 125–133
carried over compartments was not possible. Upon submitting the
cells to the foaming process, all the carryover foam and any liquid
remaining in the foaming vessel were mixed before being har-
vested by centrifugation (11,000 g for 10 min). The resultant cell
biomass was reused as inoculum in shake-ﬂask batch cultivations
as reported below.
2.4. Impact of culture age and foaming in culture performance
To study the role of culture age and foaming in surfactin produc-
tion, B. subtilis cells harvested at different times (12-, 18-, 24-, and
36-h) were submitted to a foaming process. Upon being submit-
ted to a foaming process (see Section 2.3) and subsequent spinning
down by centrifugation (11,000 g for 10 min), cells were employed
as inoculum of shake-ﬂasks. Shake-ﬂask cultivations, inoculated
with 0.019 g/L of wet biomass, were conducted in 500 mL Erlen-
meyer ﬂasks containing 100 mL  of M9 medium supplemented with
3.5 g/L of glucose. The spent cells submitted to a foaming process
were compared with non-foaming submitted spent cells. These cul-
tures were subsequently incubated on an orbital shaker (Innova 42,
New Brunswick Sci.) at 200 rpm and 30 ◦C. Samples were asepti-
cally withdrawn periodically to determine cellular growth. Biomass
was removed by centrifugation at 11,000 g for 5 min, the cell-free
supernatants being stored frozen (−20 ◦C) until further analysis.
Cultivations were carried out in triplicate as independent trials.
2.5. Impact of initial cell densities and foaming in culture
performance
To study the role of initial cell densities and foaming on biopro-
cess parameters, B. subtilis cells grown for 18 h were submitted to a
foaming process (see Section 2.3). After being submitted to a foam-
ing process and subsequent centrifugation (11,000 g for 10 min),
cells were employed as inoculum of shake-ﬂasks. Shake-ﬂask culti-
vations, inoculated with different initial cell biomass values (0.019,
0.038, and 0.076 g/L), were conducted in 500 mL  Erlenmeyer ﬂasks
containing 100 mL  of M9  medium supplemented with 3.5 g/L of
glucose. The spent cells submitted to a foaming process were
compared with non-foaming submitted spent cells. These cultures
were subsequently incubated on an orbital shaker (Innova 42, New
Brunswick Sci.) at 200 rpm and 30 ◦C. Samples were aseptically
withdrawn periodically to determine bacterial growth. Biomass
was removed by centrifugation at 11,000 g for 5 min, the cell-free
supernatants being stored frozen (−20 ◦C) until further analysis.
Cultivations were carried out in triplicate as independent trials.
2.6. Impact of glucose-limited conditions and foaming in culture
performance
To study the role of different glucose concentration along with
foaming, B. subtilis cells grown for 18 h were submitted to a foaming
process (see Section 2.3). To this end, shake-ﬂask cultivations, inoc-
ulated with 0.038 g/L of wet biomass, were conducted in 500 mL
Erlenmeyer ﬂasks containing 100 mL  of M9  medium supplemented
with different glucose levels (3.5, 7, 10.5, and 21 g/L). The cells sub-
mitted to a foaming process were compared with non-foaming
submitted cells. These cultures were subsequently incubated on
an orbital shaker (Innova 42, New Brunswick Sci.) at 200 rpm
and 30 ◦C. Samples were aseptically withdrawn periodically to
determine cell growth. Biomass was  removed by centrifugation at
11,000 g for 5 min, the cell-free supernatants being stored frozen
(−20 ◦C) until further analysis. Cultivations were carried out in
duplicate as independent trials.
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Fig. 1. Experimental workﬂow carried out in this work. Small-scale batch foaming experiments with further cell recycling were ﬁrst performed prior to foam fractionation
column experiments with further cell recycling.
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.7. Continuous foam fractionation with further cell biomass
ecycling in batch cultivations
The fermentation broth employed in the foam fractionation
xperiments was obtained by culturing two 5-L Erlenmeyer ﬂasks
ith a working volume of 1 L. To this end, a 0.1 L seed culture grown
n M9  for 24 h (200 rpm, 30 ◦C) was employed to inoculate (10%,
/v) each 5-L Erlenmeyer ﬂask containing 900 mL  of M9 with a
lucose concentration of 3.5 g/L. These cultures were subsequently
ncubated on an orbital shaker (Innova 42, New Brunswick Sci.) at
00 rpm and 30 ◦C for 18 h.batch foaming (A) and foam fractionation set-ups (B).
Continuous stripping mode foam fractionation experiments
were carried out using a bespoke “J-tube” glass foam column
(internal diameter of 51 mm,  and an exposed height of 310 mm)
coupled to a feed and overﬂow vessels under aseptic conditions. A
schematic diagram of the experimental set-up employed is shown
in Fig. 2B. Fermentation broth was  pumped from the feeding vessel
to the foam column using a ThermoSci peristaltic pump (Ther-
moSci, model FH 100, UK), at a constant feed rate of 15.35 mL/min.
Overﬂow of retentate from the bottom pool was controlled via a
peristaltic pump (Watson Marlow, model 503U, UK)  set at a rate of
12.8 mL/min to attain a constant working liquid level of 90 mm in
the foam column. Sterile air was supplied to the column with an
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ir pump (Interpet, model Aqua AP3, UK) via a 0.2 m ﬁlter. An air
ow rate of 0.1 L/min was controlled via a rotameter with an air
ntry at the bottom of the column through a sintered glass disk of
0–60 m porosity. Foam was collapsed with a mechanical foam
reaker, being the resulting foamate liquid collected in an asep-
ically clamped 10 L glass vessel. Foam fractionation experiments
ere carried out under aseptic conditions in duplicate as indepen-
ent trials. With these conditions the bubble residence time in the
olumn will be around 400 s, the liquid mean residence time in the
ool will be around 300 s and the liquid mean residence time in the
oam will be around 100 s.
After performing the foam fractionation for ∼1.8 h, the resulting
iquid was aseptically collected from the different compartments
hown in Fig. 2B: feed, overﬂow, liquid pool and foamate. Cells from
ach compartment were harvested by centrifugation (11,000 g for
0 min) and subsequently employed as inoculum of shake-ﬂasks.
hake-ﬂask cultivations, inoculated with two different initial cell
iomass values (0.03, and 0.06 g/L), were conducted in 500 mL
rlenmeyer ﬂasks containing 100 mL  of M9  medium supplemented
ith 3.5 g/L of glucose. These cultures were subsequently incubated
n an orbital shaker (Innova 42, New Brunswick Sci.) at 200 rpm and
0 ◦C. Samples were aseptically withdrawn periodically to deter-
ine cellular growth. Biomass was removed by centrifugation at
1,000 g for 5 min, the cell-free supernatants being stored frozen
−20 ◦C) until further analysis. Cultivations of cells belonging to
ach foam fractionation compartment were carried out in duplicate
s independent trials.
.8. Cultivation parameters
.8.1. Speciﬁc growth rate
The speciﬁc growth rate () (h−1) was calculated according to
q. (1) as the slope of the regression line between ln(X.V-X0.V0)
ersus time (t) during the exponential growth phase.
(t) = ln (X.V) − ln(X0.V0)
(t − t0)
(1)
here X (g/L) and X0 (g/L) are the biomass concentration at time
 (h) and at the beginning of the exponential growth phase t0 (h),
espectively; V (L) and V0 (L) are the volumes at time t (h) and at
he beginning of the exponential growth phase t0 (h), respectively.
.8.2. Speciﬁc volumetric productivity
The speciﬁc volumetric productivity (qP) (mg/g h) was  calcu-
ated according to Eq. (2) by dividing the surfactin produced at
 particular time interval by the average biomass (X) during that
peciﬁc time interval.
P
(
mg/g.h
)
= msurfactin
X.t
(2)
.8.3. Biomass yield on substrate
The biomass yield on substrate (YX/S) (g/g) was calculated as
he slope of the regression resulting by plotting the concentration
f biomass formed (g/L) versus the quantity of glucose consumed
g/L) during the cultivation.
.8.4. Surfactin yield on substrate
The surfactin yield on substrate (YP/S) (g/g) was calculated as
he slope of the regression resulting by plotting the concentration
f surfactin produced (g/L) versus the quantity of glucose consumed
g/L) during the cultivation..9. Extraction and puriﬁcation of surfactin
Surfactin was  extracted and puriﬁed from the fermenta-
ion broth by acid precipitation. After cell removal throughering Journal 110 (2016) 125–133
centrifugation (11,000 g for 10 min), the supernatant was  subjected
to an acid precipitation with 6 M HCl by adjusting the pH to 2.0 and
kept refrigerated at 4 ◦C for 12 h. The precipitant was then collected
by centrifugation at 7600 g for 15 min  after two  washing steps with
distilled water to remove impurities. After drying the precipitant
at 80 ◦C for 24 h, the dried surfactin was resuspended in methanol
upon being ﬁltered using a 0.45 m ﬁlter.
2.10. Analytical methods
Bacterial growth of culture samples was  measured spectropho-
tometrically as optical density at 600 nm (Shimadzu, UVmini-1240
model) using 0.7% (w/v) NaCl as a blank after centrifugation at
12,000 g for 5 min. Optical density data was converted to cell dry
weight (expressed in grams per litre) using the corresponding pre-
viously obtained calibration curve.
The surfactin content of cell-free culture samples was mea-
sured by high performance liquid chromatography (HPLC) using
an UltiMate 3000 UHPLC system (Dionex, California, USA) equipped
with an Acclaim 120-C18 reversed-phase column (Dionex). Analy-
ses were performed using a gradient of solvent A containing 0.1%
triﬂuoroacetic acid (TFA) (v/v) in water and solvent B consisting
of 0.1% triﬂuoroacetic acid (TFA) (v/v) in acetonitrile at 30 ◦C and
at a ﬂow rate of 1 mL/min. The multi-step gradient was performed
according to the following programme: ﬁrst an isocratic elution at
40% B for 15 min, followed by another isocratic elution at 85% B for
20 min  with a ﬁnal isocratic elution at 100% B for 5 min. The elution
pattern was  monitored at a wavelength of 215 nm.  The concen-
tration of surfactin was analysed and quantiﬁed using the puriﬁed
surfactin as previously detailed.
The glucose content of cell-free culture samples was mea-
sured by HPLC using a HPX-87H column (Bio-Rad, California, USA)
coupled to a refractive index detector. 5 mM Sulphuric acid was
employed as the mobile phase at a ﬂow rate of 0.4 mL/min with
the column temperature set at 50 ◦C. Data acquisition and analyses
were performed with Chromeleon v6.8 software (Dionex).
3. Results
3.1. Effect of culture ageing on B. subtilis growth and surfactin
production
Fig. 3 shows how the culture age (cells harvested at early
exponential growth (12 h), mid-exponential growth (18 h), early
stationary growth phase (24 h), and late exponential growth
phase (36 h)) impacted on the surfactin production outcomes
after a foaming process. Whereas the increase in culture age-
ing was translated into lower speciﬁc surfactin production rates
(qs) (∼16 mg/g h) but similar surfactin titers (∼0.29 g/L) either for
foamed or non-foamed cells (Fig. 3A), biomass yield on glucose
(YX/S) peaked at ∼0.46 g/g by submitting mid-exponential (18 h)
and early stationary growth phase cells (24 h) to a foaming pro-
cess (Fig. 3B). Submitting the cells to a foaming process therefore
enhanced both surfactin titers (from 0.23 to 0.29 g/L with 24 h
and 36 h cells, respectively) and surfactin speciﬁc productivities
(qs) (from 14 to 18 mg/g h with 24 h and 36 h cells, respectively)
even by using aged cells (Fig. 3A). The same positive effect of
foaming in biomass yield on glucose (YX/S) and surfactin yield on
glucose (YP/S) can be also observed, suggesting that foaming stim-
ulated the consumption of glucose and its further channelling into
surfactin production (Fig. 3). By using foamed cells harvested at
mid-exponential growth (18 h) and early stationary growth phases
(24 h), YX/S was  enhanced up to a value of 0.47 g/g (Fig. 3B). In
terms of YP/S and qs, cells harvested at mid-exponential growth
phase (18 h) displayed the highest values either for non-foaming or
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Fig. 3. Impact of culture age on cultivation performance of cells upon being submitted to foaming and non-foaming conditions. (A) Relationship between culture age and
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oaming conditions. Comparatively, the volumetric surfactin pro-
uctivity using 18 h cells was 0.024 g/L h, which was 33% higher
han productivity achieved using 36 h cells (0.018 g/L h). In terms
f production abilities per g cell biomass (qs), harvesting the cells at
ate exponential growth phase (36 h) displayed a value of 17 mg/g h,
hich was 32% lower than the qs obtained by using cells harvested
t the exponential growth phase (18 h) (25 mg/g h) (Fig. 3A). There-
ore, harvesting the cells at mid-exponential growth phase (18 h)
ay  guarantee a higher stimulation effect of foaming in the sur-
actin production abilities of B. subtilis during a foam recovery
rocess. A close comparison between RP-HPLC proﬁles revealed
hat foaming greatly enhanced the formation of the different sur-
actin isoforms (Fig. 4). Overall, foaming enhanced not only the
urfactin titer, but also glucose consumption and its further uti-
ization for surfactin production by B. subtilis.
.2. Culture performance of foamed versus non-foamed cells
nder higher initial cell density conditions
As can be seen in Fig. 5A, the ﬁnal surfactin titer remained at
he same level regardless the double and triple increase in the ini-
ial cell densities. Thus, the qs was barely improved by increasing
he initial cell biomass, resulting in no substantial positive effect by
ncreasing the initial cell densities. In contrast, foaming did result in
0% increase in the qs, from levels around 18 to 26 mg/g.h. Whereas
P/S was improved by using low initial cell densities (0.019 g/L)
nder both foaming and non-foaming conditions, higher YX/S val-
es were achieved by using higher initial cell densities (0.076 g/L)
Fig. 5B). Thus, the biomass formation per unit of glucose consumed
as slightly reduced by increasing the initial cell densities (0.45 vs
.53 g/g achieved with foamed cell densities of 0.019 and 0.076 g/L,
ig. 4. Reversed-phase HPLC chromatograms of surfactin produced by B. subtilis
ells  at 12 h upon being submitted to a foaming or non-foaming process.n-foaming conditions. (B) Relationship between culture age and biomass yields on
nditions. Foamed cells resulting from small-scale batch foaming experiments were
respectively). According to the results, the use of foamed cells led to
an 1.14-fold times enhancement in the ﬁnal surfactin titers attained
whist increasing 1.7- and 1.4-fold times the YX/S and YP/S, respec-
tively, in comparison to non-foamed cells. Altogether, it can be
concluded that the joint effect of inoculum size and foaming had
less inﬂuence than culture age did.
3.3. Surfactin production by foamed cells vs. non-foamed cells
under glucose-limited conditions
To gain insights into how foamed and non-foamed B. subtilis
cells faced glucose-limited conditions, shake-ﬂask cultures with
different initial glucose concentrations were carried out (Fig. 6).
Addressing the impact of such conditions provided in addition
deeper knowledge on whether increased glucose availability can
increase the ﬁnal surfactin titer and overall production outputs
upon submitting the cells to a foaming process.
As can be seen in Fig. 6A, glucose concentrations higher than
10.5 g/L did not support higher surfactin titers, being 0.37 and
0.41 g/L the maximum surfactin titers achieved after submitting the
cells to a non- and foaming strategy, respectively. However, cells
submitted to a foaming process did lead to higher ﬁnal surfactin
titers in all the cases considered. Conversely, increased glucose
concentrations did not lead to higher surfactin titers, suggesting
that carbon-limited conditions may improve surfactin production
abilities in B. subtilis cells. Compared to non-foamed cells, cells
submitted to a foaming strategy displayed higher titers in all the
experiments (Fig. 6A). As Fig. 6A shows, a progressive decay in the
qs was  observed as the glucose availability was  increased. Likewise,
higher qs values were achieved when the cells were submitted to a
foaming process (Fig. 6A).
In terms of yields, major differences in YX/S were found by
increasing the glucose availability. Whereas YX/S remained stable
at ∼0.21 g/g in non-foamed cells regardless the glucose concen-
tration, the combination of glucose-limited conditions (3.5 g/L)
and foaming stimulated the YX/S up to 0.28 g/g which was  pro-
gressively reduced under higher glucose availability (Fig. 6B).
Whereas foamed cells displayed their maximum YX/S values at
3.5 g/L glucose, the highest YP/S value was  achieved under a glucose
concentration of 10.5 g/L by using either foamed or non-foamed
cells. Interestingly, foaming doubled the YP/S values achieved in
all the cases studied, being for instance 0.062 and 0.099 g/g for
10.5 g/L with non-foamed and foamed cells, respectively. Alto-
gether, these results suggested that glucose-limited conditions
stimulated surfactin production by channelling more carbon ﬂux
towards surfactin production. The combination of such glucose-
limited strategy with a foaming process enabled to achieve a high
qS while increasing the YX/S.
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Fig. 5. Effect of initial cell density conditions on cultivation performance of cells upon being submitted to foaming and non-foaming conditions. (A) Relationship between
initial  cell density and surfactin titer and speciﬁc surfactin production rate of cells submitted to foaming and non-foaming conditions. (B) Relationship between initial cell
density and biomass yields on glucose and surfactin yields on glucose of cells submitted to foaming and non-foaming conditions. Foamed cells resulting from small-scale
batch  foaming experiments were compared with non-foamed cells.
Fig. 6. Inﬂuence of glucose availability on cultivation performance of cells upon being submitted to foaming and non-foaming conditions. (A) Relationship between glucose
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.4. Continuous foam fractionation system with further cell
ecycling
In order to address the fate of the best surfactin producing cells
ithin a foam fractionation system as well as to reveal whether
oam recovery systems impact on surfactin production by B. sub-
ilis, a foam fractionation experiment with further cell recycling
nto batch cultivation was carried out. To this end, the resulting
ells from the foam fractionation compartments shown in Fig. 2B
feed, retentate overﬂow, liquid pool, and foamate) were reused
n glucose-limited batch cultivations. Whereas a cell enrichment
f 0.46 was attained in the foamate (0.40 g/L of biomass in com-
arison to an initial feed biomass of 0.86 g/L), a cell enrichment of
.15 was attained in the retentate overﬂow, suggesting that cell
rainage was predominant within the foam fractionation column.
n terms of surfactin recovery, an enrichment of 2.37 (correspond-
ng to a 46% recovery) was achieved in the foamate, whereas a low
urfactin enrichment of 0.78 was found in the overﬂow.
An overall comparison between the cell growth proﬁles
btained by using two different inoculum sizes is shown in Fig. 7.
s can be seen in Fig. 7A and C, the induction of both cellular growth
nd surfactin production occurred earlier in the cultures using cells
rom the foamate than the rest of cultures using cells from other
ompartments like overﬂow and liquid pool. Thus, after a short
daptation phase (4 h), cells submitted to a foaming process started
o grow faster. In fact, cells from the foamate and overﬂow showed
igher speciﬁc growth rates (∼0.5 h−1) than those displayed by
on-foamed cells (feed) and cells from the liquid pool (∼0.35 h−1)
Fig. 7B). The maximum biomass peaked at 14–16 h, representing
he onset of the stationary growth phase and therefore the end of
he surfactin production phase. Non-foamed cells (feed compart-
ent) displayed the poorest production performance (0.22 g/L),
uggesting that surfactin production in B. subtilis was stimulated by
sing a foam fractionation system (Fig. 7B and D). As Fig. 7A shows,oaming and non-foaming conditions. (B) Relationship between glucose availability
ming and non-foaming conditions. Foamed cells resulting from small-scale batch
production outputs were not improved despite doubling the ini-
tial cell concentrations (0.06 g/L), resulting in similar ﬁnal surfactin
titers (e.g., 0.39 and 0.4 g/L under two  different cell densities using
cells from the foamate compartment).
In terms of speciﬁc growth rates, no meaningful differences
were found between cells from the retentate overﬂow and cells
from the foamate for both inoculum sizes. Cells from such com-
partments displayed a speciﬁc growth rate of around 0.5 h−1, in
comparison to a value around 0.35 h−1 found for the cells from the
retentate overﬂow and foamate. There were no major differences
between both inoculum sizes, displaying similar speciﬁc growth
rates. Regarding the ﬁnal surfactin outputs, cells from the foamate
were able to produce higher surfactin titers in comparison to the
cells from the rest of compartments (Fig. 8A). Thus, cells from the
foamate produced 1.81-fold higher ﬁnal surfactin titers (0.4 g/L)
than the cells from the feed compartment (0.22 g/L). Interestingly,
these differences were translated into higher qs values, attaining
18 mg/g h by using cells from the foamate with an initial cell density
of 0.06 g/L. (Fig. 8C). Likewise, cells from the foamate displayed 2.6-
and 1.1-fold higher YX/S and YP/S, respectively, than non-foamed
cells (Fig. 8D). Overall, whereas cellular growth was  not markedly
improved, the surfactin production abilities were clearly triggered
via recycling foamed B. subtilis cells.
4. Discussion
Though second generation of integrated production-foam
recovery systems offer a robust foaming control while an inde-
pendent in situ foam based separation process for biosurfactant
production [3], there is a lack of understanding how spent cell
biomass behaves upon being recycled into the production stage.
To date, most of the ISPR systems have overlooked the contribu-
tion of the spent cells upon being recirculated into the cultivation
stage. Therefore, the foaming strategy developed in the present
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Fig. 7. Cell growth (A) and surfactin production proﬁles (B) resulting from shake-ﬂask cultivations under glucose-limited conditions with an initial cell density of 0.03 g/L
and  using cells from feed, overﬂow, liquid pool and overﬂow compartments upon a foam fractionation experiment. Cell growth (C) and surfactin production proﬁles (D)
resulting from shake-ﬂask cultivations under glucose-limited conditions with an initial cell density of 0.06 g/L and using cells from feed, overﬂow, liquid pool and overﬂow
compartments upon a foam fractionation experiment.
F actin p
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tig. 8. Comparison of ﬁnal surfactin titers (A), speciﬁc growth rate (B), speciﬁc surf
nd  further shake-ﬂask cultivation of cells from the different foam fractionation com
nitial  cell densities of 0.03 and 0.06 g/L.
tudy examined whether submitting cells to a foam recovery sys-
em may  exert a detrimental impact on surfactin production by B.
ubtilis.
Results have shown that foaming was effective in improving
he surfactin production abilities displayed by B. subtilis,  leading toroduction rates (C), and biomass yields on glucose (D) obtained after cell recycling
ments: feed, overﬂow, liquid pool and foamate. Experiments were performed with
2-fold higher surfactin productivity values. Not only cell growth,
but also YX/S and YP/S were markedly improved by using foamed
cells. In addition, a clear relationship between enhanced surfactin
production and glucose-limited conditions (< 10 g/L) can be drawn.
Thus, the synergistic combination of foaming and glucose-limited
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Table 1
Comparison of process parameters obtained in the present work with integrated schemes for surfactin production.
Microorganism Bioprocessing approach  (h−1) Surfactin titer
(g/L)
Volumetric
productivity
(mg/L h)
qS (mg/g h) YX/S (g/g) Reference
B. subtilis ATCC 21332 Batch production with foam
fractionation
– 2.1 (foam) 10 – 0.13 [2]
B. subtilis ATCC 21332 Rotating discs bioreactor – 0.2 3 1 0.19 [7]
B. subtilis DSM 10T Batch production with foam
fractionation
– 3.9 (foam) 18 6 0.27 [14]
B. subtilis DSM 10T Fed-batch production with foam
fractionation
0.31 3.67 (foam) 22 9 0.20 [19]
B. subtilis BBK006 Batch production with foam
fractionation
0.28 2.25 (foam) 10 – 0.26 [11]
B. subtilis
BBK006
Small-scale batch foaming + batch
culture
0.42 0.31 31 26 0.42 This work
Batch  culture of non-foamed cells
(Feed)
0.34 0.23 9 8 0.29 This work
0.41
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1Foam  fractionation + batch culture of
foamed cells (Foamate)
0.51 
 : Not available.
onditions resulted in 1.8-fold higher qs (17 mg/g h with 3.5 g/L of
lucose) than under higher glucose availability (9.4 mg/g h with
1 g/L of glucose) (Fig. 6A).
These results clearly suggest that higher surfactin yields and
iters can be obtained under glucose-limited conditions, which is
n accordance with previous reports [11,19]. In contrast, most of the
ermentative processes targeting the surfactin production employ
igh initial glucose concentrations (20–40 g/L) [2,12], channelling
he glucose overﬂow toward the formation of side metabolites [20].
s Fig. 6B shows, both YX/S and YP/S were progressively reduced
y increasing the glucose availability, revealing a more efﬁcient
iomass formation and surfactin production per g of carbon source
vailable under glucose-limited conditions (< 10 g/L).
Continuous foam fractionation experiments were consistent
ith results obtained in the small-scale batch foaming approach,
evealing that foamed cells displayed 2-fold higher qs than non-
oamed cells. Comparatively, foamed cells displayed 2.6-fold times
igher speciﬁc productivities than the usual values reported in the
iterature (Table 1). Furthermore, higher YX/S values were displayed
y foamed rather than non-foamed cells in all the bioprocessing
onditions assessed (Figs. 3B, 5B and 6B), suggesting that a more
ffective metabolism with less energy diversion into cell mainte-
ance and biomass formation per g of glucose is achieved under
oaming conditions.
Thus, the present work showed that cells subjected to a foam
ecovery system displayed better cell growth and surfactin produc-
ng abilities, suggesting foaming as a potential approach to boost
he surfactin producing abilities in B. subtilis.
The depletion of cells in the foamate collected from the con-
inuous stripping mode foam fractionation column was  consistent
ith that reported by Chen et al. [11] for the same B. subtilis strain
nd provides insight into the cell interaction with the foam. Particle
eparation by foaming is well established through the technology
f froth ﬂotation [21]. Particles which have hydrophobic surfaces
ill tend to attach to the foam air-water interface, whereas par-
icles with hydrophilic surfaces will not attach to the interface
nd remain in the bulk liquid [22]. Once the foamate has been
ollected and collapsed it will be enriched in the hydrophobic parti-
les. Subrahmanyam and Forssberg [23] present an overview of the
ide range of possible interactions between particles and draining
oams. Hydrophilic particles will be entrained into the foam inter-
titial liquid as the same concentration as the bulk liquid pool or
he injected feed, so the foam interface would not be expected to
ither enrich or deplete hydrophilic particles in the foamate. The
erminal settling Stokes velocity of a B. subtilis cell is of the order of
0−7 m/s  so depletion of hydrophilic cells by downwards settling 26 16 0.33 This work
through the foam in the foam fractionation column would not be
expected. The depletion appears likely to be due to transverse cell
displacement towards the channel centre in the Poiseuille drainage
ﬂow along Plateau borders [24,25]. The effect of this process would
be that the average cell drainage velocity is greater than the average
liquid drainage velocity and it is likely that cell size and morphology
would affect this.
Reported measurements of the air-water-cell contact angle of
various B. subtilis strains support the notion that the cells are
hydrophilic, and therefore do not attach to the air-water interface.
Ahimou et al. [26] report contact angels below 90◦ for all strains
in all cases, indicating that the cells were hydrophilic. Their results
also showed that the cells may become less hydrophilic when in
a lipopeptide solution (including surfactin) and it was postulated
that this was  due to adsorption of the amphiphilic molecules onto
the cell surface which negates the cell surface hydrophobicity. Ahi-
mou  et al. [27] reported contact angle measurements of a range of B.
subtilis strains and also for cells segregated by physiological states
including vegetative cells, spores and segregated by zeta potential.
All contact angles were less than 90◦, again indicating the cells were
hydrophilic. No clear correlations were apparent between contact
angle and physiological state.
In summary, it appears that the cells in this study were most
likely hydrophilic and did not attach to the foam air-water inter-
face. The cells preferentially drained from the liquid entrained in
the foam due to particle hydrodynamic effects which are not linked
to cell hydrophobicity, but would be linked to cell size and morphol-
ogy. Cell selection related to physiological state could have occurred
due to size or morphology differences. Regardless of the speciﬁc
reason, it was  shown in this case that subjecting cells to a foaming
process consistently improved their production characteristics and
in particular when the cells were collected in the foamate.
From a processing perspective, deciphering which compart-
ment contained the best surfactin producers has enabled to draw
better conclusions about the cell fate within a foam fractionation
column. According to the results, foamed cells from the reten-
tate overﬂow are well-suited to be recycled into the production
stage, resulting in higher cell growth patterns and surfactin pro-
duction outputs (Fig. 8). It is unknown whether this behaviour is
strain-speciﬁc or a particular feature resulting from foaming pro-
cesses. A closer understanding of the phenomenon at molecular
and cell levels may  provide insights into the mechanism behind.
Thus, a comparison between the transcriptomic and gene expres-
sion proﬁles of foamed and non-foamed would help to decipher the
stimulation effect exerted by foaming in B. subtilis cells.
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[26] F. Ahimou, P. Jacques, M.  Deleu, Surfactin and iturin A effects on Bacillus
subtilis surface hydrophobicity, Enzyme Microb. Tech. 27 (2000) 749–754.
[27] F. Ahimou, M. Paquot, P. Jacques, P. Thonart, P.G. Rouxhet, Inﬂuence of
electrical properties on the evaluation of the surface hydrophobicity ofS. Alonso, P.J. Martin / Biochemical 
. Conclusions
Foaming was found to stimulate cell growth, glucose consump-
ion and surfactin production in B. subtilis. Both surfactin titers and
ields on glucose were enhanced by submitting B. subtilis cells to
 foaming process, revealing for the ﬁrst time the positive impact
f foam recovery systems on the microbial performance. By com-
ining higher initial cell densities, optimal harvesting time and
lucose-limited conditions, cell growth and surfactin titers were
urther improved, achieving a speciﬁc surfactin production rate of
6 mg/g h under batch conditions. The differential cell growth and
urfactin production abilities found inside the different compart-
ents of a continuous stripping mode foam fractionation column
dditionally provided evidence on the potential of foam recovery
ystems as bioprocessing approaches to trigger biosurfactant yields
n microbial cells. Overall, the present study serves as a proof-of-
oncept that foam recovery systems and further recycling of the
pent cells can improve the microbial performance, enhancing sur-
actin production abilities in B. subtilis.
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